AVCS applications.
Introduction
In this paper we consider the computer controlled brake subsystem function. The objective is to understand the dynamics of the braking function by modeling its behavior as a dynamic system and to design and test control algorithms for controlling it in order to meet given performance requirements.
During the past few years, several attempts have been made by different research groups to develop models of the brake subsystem for AVCS applications [l] , [2] . In these studies the emphasis was given on identifying the dynamics associated with each brake component. A comprehensive dynamic model of the brake subsystem for AVCS applications, which identifies the mapping from input to output, has not been addressed. The main purpose of this paper is to develop a model and a controller for brake subsystem that can be used in ' 
Lincoln town car is the trade mark of Ford Motor Company
The brake model is developed using an experimental set up on a bench of the full scale Lincoln town car brake subsystem. The block diagram of the brake subsystem under study is shown in Figure 1 . The test bench has all the conventional brake components, in addition, it contains an auxiliary hydraulic module (AHM) which consists of a hydraulic pump, control valves and an actuator. It has been designed by Ford specifically for automatic brake applications. For a detailed of the structure of the brake system under study the reader is referred to [6] .
The dynamic system or model describing the inputoutput behavior of the brake subsystem is developed by using a series of experiments and curve fitting techniques to identify the unknown parameters. The resulting model is a first order nonlinear dynamic system that accurately describes the dynamics of the actual brake subsystem.
The brake model is used to design a controller that can meet the given performance and reliability requirements. The controller employs feedback linearization to cancel the nonlinearities and a modified proportionalintegral (PI) compensator to achieve the desired control action. The modeling and control techniques used in this paper can be easily applied to other types of brake subsystems with minor modifications. Other brake control strategies which are used as part of vehicle longitudinal controllers can be found in [3] - [4] .
Proposed Brake Model
A series of experiments are conducted on the test bench of the brake subsystem. Some of the results of the experiments with step inputs of different magnitudes (cor- ing pressure modes. Another important system feature, which can be observed from these figures, is the variable time delay associated with different inputs and operating modes.
Since, the time delay is an important factor in braking operations, a special attention was given to it in this study. A large time delay of the order of 0.2 second is observed for the relaxed system, i.e., when the line pressure is zero. This large time delay is reminiscent of the fact that in almost all of the hydraulic systems some control energy is required to overcome the static friction between the moving parts. Furthermore, the dead zones in vacuum booster and master cylinder introduce an additional delay while the system is in relaxed state. However, once any measurable brake line pressure is observed, the subsequent inputs are transmitted through the system without any significant delay. Hence the time delay becomes negligibly small (m 0.Olsec) for any line pressure other than zero.
This leads to the following relation:
(1) 0. 
The variables in (2) are: 2 : system state (brake line pressure), U : system input, f 1 : unknown function to be identified. Where 2, U E R1, t* = t -td, td is the time delay defined in (l), T is some small number (taken to be equal to the sampling period) and u(t* -T ) denotes the previous input. As given in (l), the value of td is negligibly small except when the system is relaxed. Hence td can be safely assumed to be zero in ( 2 ) . Since, in this study we use the input-output data which is obtained at sampling instants only, instead of the continuous model in (2) , we propose the discrete time model:
where k denotes the number of the sample, i.e., the time t = kT. The shape of the response for each fixed input, shown in Figures 2 and 3 , can be approximated by a first order system given as:
where a, b E R+. The parameters a and b in (4) may be used to characterize the steady state value and the speed of transient response respectively, for a given input u ( k ) . These parameters are nonlinear functions of the input U and state t of the system. The experiments show that the steady state value of the pressure a can be modeled as:
The speed of transient response (time constant) b varies significantly for different initial conditions and is sensitive to the previous history of the system, i.e., depends not only on the current input ~( k ) , but also on the previous input u ( k -1). This phenomenon can be explained in terms of nonlinear fluid dynamics. The change in pressure is significantly slow if an input change occurs near a steady state pressure condition. Hence the system time constant represented by b depends on the current pressure relative to the steady state pressure for the previous input. This suggests a functional form for the parameter b, which is given as:
In ( 5 ) and (6), g and h are unknown functions to be identified. The nonlinear dependence of these parameters on the input U and state x of the system is shown through a stepwise parameter identification process given below.
Parameter Identification
The identification of the unknown parameters (functions) a , b was done in two steps.
Step 1: Fixed step inputs were used to identify the steady state value a and time constant l / b for each input.
Step 2: A series of staircase signals are used to modify the results of step 1.
The motivation of breaking down the identification process into two steps follows from the fact that the system response shown in Figures 2 and 3 , for a fixed input, can be approximated by the response of a linear system to a step input. Hence standard results from linear system identification can be used to estimate the parameters. In the step 2 the nonlinear behavior of these parameters is explored by using staircase signals. These signals cover the possible changes in the input that excite the building and bleeding modes of the system and enable us to study the switching process between these modes. The results from these experiments are used to modify the parameters a and b so that their values are valid for possible input variations applied to the system.
Step Inputs
The step response curves shown in Figures 2 and 3 for each fixed input U can be approximated as a solution to the first order linear differential equation] discretized at time step k T , i.e.,
where, a : steady state value, l / b : time constant, z(0) : initial condition This simplification helps us to identify the parameters a and b for each input separately, by using standard curve fitting techniques. It should be noted that the approximation given in (7) which uses a single exponential function does not accurately describe the system response for inputs with duty cycle greater than 68 % in low pressure region, when a significantly large time delay is observed as the energy developed by the actuator is barely sufficient to overcome the friction and dead zones of the relaxed system. Hence the deviation between the predicted system response using the model and actual system is large for small line pressures. However, line pressures below 60 psi, corresponding to the aforementioned inputs, have little or no significance in actual braking. Hence this approximation has no effect on model accuracy within the range of line pressures of interest.
The steady state value of the line pressure, a, in the building mode is found to be relatively insensitive to the state x of the system. Furthermore, the two modes of operation shown in Figures 2 and 3 have different steady state values and slopes for the same inputs. The reason is the hysteresis produced due to friction, preloaded spring inside the vacuum booster and dead zone associated with the master cylinder and booster. Hence separate mappings for the two modes are required. The experimental results in Figure 2 suggest that for the building mode both a and b depend only on the current input, i.e.,
On the other hand for the bleeding mode a is a function of the current input whereas b depends also on the current state z, i.e.,
These mappings g, h , g* and h* are given in Tables 3  and 4 respectively [6].
Staircase Inputs
Another series of experiments was conducted with inputs changing from one value to a different value and these changes were made to occur at different line pressures. Results show that the values of a calculated in these cases are consistent with those given in Table 3 [6] . The values of b, however, vary significantly and are found to be a function of the current pressure, z, at which the input was changed. Experiments show that the change in the value of b is noticeable if the input is changed at a pressure which is more than 50% of the steady state value of the previous input. This change shows a monotonically decreasing behavior, with a maximum reduction of around 25% at a pressure approximately equal to the steady state value.
Guided by the experimental results, the following linear approximation was introduced to model this change:
where c1 = y. The experimental results also indicate that the change in b occurs only if the input changes, since b corresponds to the dynamics associated with the system which do not significantly change for a constant input. Whereas, the relation given in (10) updates the value of b at each sampling instant, which can be handled by introducing b as a state of the system as follows:
, pb and Zb are design parameters to smooth out the effects of switching, which is justifiable since the system dynamics do not show sudden changes. As explained later, this filtering would also help in the control design.
From Table 3 [6], it is obvious that due to hysteresis, g*(u(k)) 2 g(u(k)). From the experiments it was found that if a change in the input causes the system state to be switched from building to bleeding mode with g*(u(k)) > g(u(k -1)) then a = t(k), and the line pressure x would maintain its previous value. Hence for the bleeding mode, a, in (9) can be rewritten as:
The condition for determining the current mode of operation is:
x < g(u(k)) + pressure is building (13) This means that if the current pressure is strictly less than the steady state value for the current input, then the system is in the building mode. On the other hand if the current pressure is greater than or equal to the steady state pressure for the current input, then the system is in the bleeding mode. Hence by using the condition (13) the results given in (9), (12) and (11) can be combined to give the final form of the model as:
The model described by (14) was simulated for different inputs and its response compared with that of the actual system. The results are shown in Figures 5 . From Figure 5 , we see that the actual system and model output differ for low pressure values (< 60 psi). However, as discussed before, due to the less significant effects of these pressure values on actual braking, this error is not severe.
It can also be seen from Figure 5 that for pressure values greater than 60 psi the error is within f 8 psi. These error values are not large considering the fact that the pressure sensor used in the actual system has resolution of 4 psi. Furthermore, from Figure 5 it is obvious that the model output for staircase approximation of continuous signals is the same as that of the original signal. Hence, the estimates of the parameters a and b which were calculated as though the input signal is made up of finite steps hold even when the step width T is reduced to zero.
Control Design
The nonlinearity of the model of the brake subsystem under consideration is in the form of a hysteresis and variable time delay. The main objective of the controller design in this paper is to make the performance of the brake subsystem as uniform and robust as possible throughout the range of operation. One way to achieve this objective is to use feedback linearization to cancel the nonlinearities of the system.
The design of the brake controller in this paper follows the guidelines provided by the feedback linearization techniques given in [5] . The brake model given in (14) has no explicit control input term. Since the parameter a in the brake model is a nonlinear function of the control input U and state x and the inverse mapping
is guaranteed to exist for all values of a and x within the operating range (So, Uo) of the system, where,
a , x E So + 9-l exists and U E U,
is the maximum allowable pressure, umin and uma, represent the minimum and the maximum allowable control input respectively. Hence with the condition given in (16), we can consider a to be the virtual control input. This assumption would help us to linearize the system by using standard input-output feedback linearization techniques. The controller design proceeds by first linearizing the brake model (14), with output x ( k ) and input a , without changing the internal state dynamics b ( k ) given in (14).
We first let where Q is some design constant and w is the new input. The resulting system is:
Since a is given by (17) for some constant a and w is a signal to be computed, the control input U can be calculated using the inverse mapping (15). The feedback linearized system is given by (18), whose transfer function is:
The input w can now be selected to meet the control 
we have a PI compensator whose parameters K p , K I can be chosen for stability and zero steady state error. The loop transfer function with the addition of the PI compensator becomes:
Hence with the addition of a PI compensator the order of the closed loop system has increased. This, however, can be avoided by carefully selecting the gains ICp and ICI. One such combination is given by:
where A' > 0 is a design constant to place the closed loop pole at a desired location. Hence the input w in (18) becomes:
The closed loop transfer function T ( s ) shown in Figure  4 is given by:
The control law is represented by the block diagram shown in Figure 11 [B].
Controller Modifications
The control input generated by the feedback linearization is calculated based on the assumption that there is no saturation of the control input. However, from the safety point of view a limited control authority is available in the given system. Hence to avoid performance deterioration, some additional logic is embedded within the standard PI compensator. For a description of these modifications the reader is referred to [B].
Stability Analysis
We first discuss the stability properties of the open loop system. The nonlinear functions a = g ( x , u ) and b = h ( x , U ) in (14) are guaranteed to be bounded, i.e.,
where amirs 2 0 and bmin > 0. Hence for any bounded initial condition, any bounded input to the system would result in a bounded state, i.e.,
Furthermore, U E U, j x E So, where U, and So are as defined in (16). As discussed before, the nonlinear function a is used in place of the control input U for linearization of open loop plant (14). As given by condition (16), if we guarantee that a , z E So then it implies that U E C , , rather U E U,, where MO forms the set of acceptable inputs to the system. For proof of Theorem 1 the reader is referred to [6].
Simulation and Implementation Results
The modified control law given by equations (as), (30) in [6] and (17), (15) is simulated using Matrixx and the nonlinear brake model. The simulation results of typical braking scenarios are shown in Figures 6, 17 [SI. The simulation results confirm the claims made about performance in terms of zero steady state error, no overshoot and sufficiently fast response (limited by the equipment constraints).
The controller given in Figure 11 [6] is also implemented on the actual brake system. The results obtained from the actual closed loop system are shown in Figure 8 . The simulation results in Figure 17 [GI are almost identical to the actual closed loop system response shown in Figure 17 [6].
Conclusion
A nonlinear model that describes the input output behavior of the brake subsystem of a Lincoln town car is developed. The model is simplified to resemble a first order linear system with nonlinear coefficients and time delays. The unknown parameters are identified by applying the standard curve fitting techniques to the data obtained by conducting experiments on the test bench. The hysteresis phenomenon is modeled by isolating the two operating modes, that is the building and bleeding modes, and identifying separate sets of parameters for each one. The worst case modeling error was found to be less than 5% within the range of interest.
A brake controller is developed using standard feedback linearization techniques on the nonlinear validated model. A PI compensator with intuitive modifications is introduced in the closed loop to meet the performance specifications.
